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ABSTRACT 
This paper gives the results of a dynamical analysis of the 
Globesat gravity gradient stabilized satellite in a 500 km cir-
cular orbit. The linearized equations of motion are developed 
and the stability of the satellite is investigated. The satellite is 
equipped with magnetic torquers for the purpose of providing 
attitude correction torques. These correction torques can be 
used to effect large changes in orientation and for producing 
small impulses for damping residual librational motions. The 
analysis shows that such a satellite can be captured into a grav-
ity gradient stabilized mode, and that residual motions can be 
damped to small steady state values. 
INTRODUCTION 
Since the launching of the space age, considerable attention has been given to satel-
lite attitude control. For missions where pointing accuracy requirements are not 
too exacting, passive techniques involving no expenditures of stored energy have 
proven to be adequate. Among the methods belonging to this category, those uti-
lizing gravitational torques are fundamental to the attitude dynamics of an Earth 
oriented spacecraft. If the gravitational field were uniform over a body, then the 
center of mass would become the center of gravity, and the gravitational torque 
about the center of mass would be zero. The gravitational field is not uniform, 
and the consequent variations in the specific gravitational force (in both magnitude 
and direction) over a body leads, in general, to a gravitational torque about the 
body mass center. This torque can serve as a passive stabilizer (gravity gradient 
stabilizer). Although not very accurate, this type of stabilization is attractive due 
to its inherent simplicity and reliability. 
The gravity gradient (GG) principle operates in such a manner that restoring 
torques on an Earth orbiting satellite will rotate the satellite toward a position 
in which the axis of minimum inertia is aligned with the local vertical. An excellent 
example of this principle is the Moon. Since it is not a perfect sphere, but does 
have an axis of minimum moment of inertia, it has reached a fixed orientation with 
one side always facing the Earth. 
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This principle can be explained simply by considering the attitude motion of a 
dumbbell satellite in a circular orbit. A deflection away from the local vertical 
causes a restoring torque to be generated by the imbalance of forces acting on equal 
masses at the both ends of the dumbbell. The centrifugal forces on the two ends 
of the dumbbell are unequal; the larger force acting on the end further out. The 
gravitational forces are also unequal; the larger force acting on the inner end. Thus, 
a net torque is created which forces the masses toward a local vertical orientation. In 
the design analysis section of this paper a more general case is treated by employing 
the method of Newtonian (vectorial) mechanics. 
The gravity gradient satellite can fly at any orbit inclination and at altitudes where 
the gravitational torque has superiority in magnitude over disturbance torques. 
Although the best stabilization accuracy is achieved with circular orbit applications, 
orbits with eccentricities up to approximately 0.08 can still utilize GG stabilization 
without serious degradation in performance l . The principle of GG stabilization 
can be implemented in any size and weight of spacecraft through proper mass 
distribution. 
A comparison of GG stabilization with other simplified stabilization schemes brings 
out some significant points: 
1. Gravity gradient stabilization is favored over spin stabilization when phenom-
ena need continuous observation along three Earth oriented axes. The com-
plexity of periodic spin rate and spin adjustment is also obviated. 
2. Magnetic stabilization is dependent upon the Earth's magnetic field lines, and 
restricts orientation along these lines, thus limiting the data gathering view 
fields and subjecting the satellites to possible tumbling at high inclination orbits 
as the lines of flux dip to the poles. Payloads must also be protected from 
the high strength magnetic fields due to dipoles within the satellite. These 
limitations do not exist with the GG systems. 
ATTITUDE CONTROL PHASES 
In general, gravity gradient satellite performance is divided into three distinct 
phases: (1) capture; (2) transient decay; and (3) steady state. Definitions of these 
phases are given in following paragraphs, respectively. 
Capture: Capture dynamics considers the attitude motions from the time imme-
diately following orbital injection up until a stable attitude, in which the axis of 
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minimum moment of inertia aligns with the local vertical and the axis of maximum 
moment of inertia points normal to the orbit plane, is reached. The capture prob-
lem of a GG satellite can be visualized by observing simple pendulum motion. The 
rotational kinetic energy of a simple pendulum allows one to conveniently charac-
terize the pendulum's motion. For example, given enough energy, the pendulum 
will revolve around the pivot point rather than oscillating to and fro about the 
downward hanging position. Likewise, with sufficiently small energy the pendulum 
will be captured by gravity, and only oscillatory motion will occur. The same prin-
ciple can be applied to a satellite in a circular orbit. After reducing the energy, the 
satellite's minimum axis of inertia tends to align itself with the local vertical. At 
this point, the satellite is considered to be GG captured. 
Transient: After the satellite has achieved capture, it will oscillate (librate) about 
the local vertical with some amplitude. The time p,eriod between GG capture and 
decay of the oscillation to the steady state is defined as the transient phase. In 
order to reduce the amplitude of oscillation a libration damper is needed. The 
damper will reduce the amplitude of this oscillation to a steady state value at a 
rate depending upon the damping level (damping coefficient), and system inertia 
level. The damping rate depends on how effectively attitude motion can be coupled 
with the damping device. For small attitude perturbations, the decay rate about 
each axis is independent of the initial conditions. 
Steady State: The steady state phase is defined to be the period of time over which 
the satellite's oscillations are confined to small amplitudes. This phase usually 
encompasses the majority of the satellite's lifetime. In the steady state phase, 
attitude errors may be caused by external and/or internal perturbations, such as 
those produced by torques due to the interation between the vehicle magnetic dipole 
moment and the Earth's magnetic field. Continued favorable steady state behavior 
requires minimization of external perturbations and control of those which can 
not be eliminated. The steady state response of the latter perturbing torques is 
primarily a function of the overall inertia distribution of the satellite (in order to 
produce the strongest possible attitude restoring torques). 
GRAVITY GRADIENT SYSTEM 
Basic Components 
The GG concept described earlier establishes the basic elements of all such systems; 
these elements are the orientation (satellite configurations and GG boom(s)), and 
damping devices. 
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Satellite Configurations and GG booms: In developing a GG stabilized satellite, the 
first step is to select a satellite configuration having the best potential of meeting the 
mission requirements. The selection should have a suitable inertia distribution in 
order to produce the largest possible attitude restoring torques. This requirement 
is common to all types of GG satellites. The satellite configurations are distin-
guished mainly by the methods employed to damp attitude oscillations about the 
equilibrium orientation determined by the satellite principal axes. 
The most basic component in determining the principal axes of a gravity oriented 
attitude control system is the slender, extensible boom which provides the orienting 
torques that align the minimum moment of inertia axis with the local vertical. The 
boom usually takes the form of unfurled metal strips which can be stowed in a 
relatively small volume within the spacecraft and then deployed to full length upon 
command. 
Globesat has developed a small satellite bus which will be used as the carrier for a 
Store and Forward communications package. The bus is a right octagonal cylinder 
0.89 m long; the octagon fits inside a 0.49 m circle, and the mass allowance is ap-
proximately 90 kg. Figure 1 shows the configuration and dimensions of the satellite. 
The GG boom will be mounted on the top surface of the satellite (in the positive 
yaw direction). The mechanism is a compactly stowed boom system which allows 
the opposing boom-tip-mounted battery box (tip mass) to be axially deployed. The 
deployed boom is 4 m long and the battery box is a right cylinder 0.105 m long 
with a 0.35 m diameter. The masses of the boom, and the battery box (including 
12 batteries) are approximately 0.5 kg, and 22 kg, respectively. 
In order to reduce Corio lis acceleration induced bending loads during boom de-
ployment, a built-in centrifugal friction drive acts as an axial deployment velocity 
brake during the extension cycle. A specially designed high strength coaxial cable is 
routed inside the boom element to transmit boom deployment forces to the brake. 
Figure 2 illustrates the locations of the deployed boom and battery box. 
Solar radiation, magnetic, gravitational, and atmospheric forces have significant 
effects upon the design of spacecraft booms because of the high length-to-mass 
ratios required in most applications. Bending and twisting of spacecraft booms 
may also degrade communication system performance, attitude control accuracy 
and stability. 
The GG booms provide a rather large moment of inertia and thus a large reacting 
torque, and yet weigh only a few kilograms. A satellite with a primary boom only, 
has no intrinsic oscillation damping and because of its large moment of inertia, may 
have a great deal of energy to damp out. 
4 
battery b'lx 
A 9.51 
boom, de~loyed 
main strv:ture 
Volure: 5.l7 ft J 
Effect! 'Ie Cr1:eI-Sectioo: IUUil in 2 
13.'15" 
L-~.,...--.--J t 4. 125" 
I'-
" 
19.00" 
;:, 
o 
... 
:::: 
i 
;:, 
o 
'" M 
Figure 1. Cansat configuration. Figure 2. Satellite with boom deployed. 
Magnetic Torquer and Damper System: Although the principle method of attitude 
control will be a passive gravity gradient design, a need exists for applying corrective 
torques to the satellite. 
The Globesat satellite will use magnetic torquers to correct large attitude errors 
and to damp the kinetic energy of librational motion. The magnetic torquers con-
sist of three wire coil sets. When connected to a voltage source and energized, the 
coils produce magnetic dipole moments. These moments interact with the Earth's 
magnetic field to apply torques and, consequently, rotational impulses to the satel-
lite. By selectively energizing the coils at appropriate times during the orbit, the 
orientation of the satellite can be changed to one which favors gravity gradient 
capture. The torquers are strong enough to rotate the satellite 1800 in the event 
of inverted orientation. Likewise, the energized coils can contribute impulses for 
damping librational motions to small steady state values. 
The three magnetic torquers are located inside the main body of the satellite and 
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are mounted perpendicular to each other. This arrangement allows generation of 
torques along the three principle axes, and in a variety of other directions as a result 
of vector addition of two or more orthoganol torques. 
A knowledge of satellite orientation is an important factor in determining what 
combination of the three magnetic torquers will produce a desired torque. Attitude 
determination capability is provided by on board Earth and Sun sensors. The 
sensors use charge coupled devices to detect the position of the Earth and Sun with 
respect to the satellite. From this information the orientation of the satellite with 
respect to the orbital reference frame is determined. Next, a determination of the 
satellite's orientation with respect to the Earth's magnetic field is made. Enough 
information is then available to determine what changes, if any, need to be made 
to the satellite's orientation, and how to use the magnetic torquers to accomplish 
the changes. 
For the first satellite, ground based operators will use the on board computer to 
control the magnetic torquers. After determining the motion of the satellite, in-
structions on the timing and sequencing of the three torquers will be sent up by 
the telemetry link to the on board computer. The computer will then execute the 
commands at the proper time. 
DESIGN ANALYSIS 
Stability and Natural Frequency 
Gravity gradient torques are inherently weak, and the disturbing influence of other 
environmental torques must eventually be considered. Nevertheless, the attitude 
.motion of a rigid body in orbit, with all but inverse-square gravity excluded, is still 
the best starting point from which to begin a study of gravity gradient stabilization. 
For simplicity ofthe analysis, the body axes coincide with the principal axes (1,2,3), 
and (1, J, K) axes are called the orbital axes and defined as unit vectors along the 
outward local vertical, the orbit path, and the orbit normal, respectively (Fig. 3). 
The four basic assumptions used in this analysis are: (1) the satellite is a rigid 
body; (2) the only force on the satellite is the gravitational force; (3) the satellite 
is in a circular orbit; (4) the attitude deviations from the equilibrium position are 
small. 
Using Euler's moment equations, the equations of attitude motion of a rigid body 
in a circular orbit can be expressed as 
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(1.a) 
(1.b) 
(1.e) 
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where ?.J is defined as the external torque, I is the mass moment of inertia, w, and 
ware the angular velocity and acceleration, respectively2. I 
Suppose that there is a small missalignment between the (1,2,3) and (I, J, K) axes. I 
Referring t'o Fig. 3, 
(2) 
I 
I 
where 01 , O2 , and 03 are small rotations of 1, 2, and 3 axes about the I (yaw), J I 
(roll), and K (pitch) axes, respectively. 
Using Equation (2), the satellite position R , W, and gravity gradient torque G can I 
be expressed, respectively, in body axes as 
R = (R)i' (03R)i + (02R)3 
w = (0 1 - n02)i' + (02 +~ nOdi + (03 + n)3 
-+ 2 -+ 2 -+ G = (3n (13 - h)02)2 + (3n (II - 12)03)3 
(3) 
(4) 
(5) 
where n (orbital rate)=H. ' and p, is the gravitational constant. Substitution of 
equations (3), (4), and (5) into Set (1) and ignoring products of Os and Os (terms 
with second and higher orders) will yield 
(6.a) 
(6.b) 
(6.c) 
Equations (6.a, b, and c) are a set of three simultaneous linear, ordinary differential 
equations. It is also evident from these equations that pitch (Os) and yaw/roll (0 1 , 
O2 ) are uncoupled in the linear approximation. 
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Figure 3. Attitude coordinate system of a rigid body in a circular orbit. 
Define kl = 131/ 2, k2 = 13[./1, and k3 = 121/ 1, and substitute these into the 
equations of motion. The resulting equations are 
(7.a) 
(7.b) 
(7.e) 
After taking the Laplace transform with s as a frequency variable; the equations of 
motion can be expressed in matrix form as 
(8) 
Equation (8) is homogeneous, and from the determinant of the square matrix (char-
8 
acteristic equation), the frequency behavior can be obtained as 
(9) 
Solution of first term on the left yields the natural frequencies of yaw and roll, 
respectively; the second term on the left defines the natural frequency of the pitch 
axis. Note that ka can be replaced by - lk2klkf2' Roots of the characteristic equation 
(9) need to be real and negative. Replacing the frequency variable (s) by the 
appropriate W will yield 
_{Wl,Z)2 = -(1 + 3kz + klkz) 
n 
_(wa)z 3(kl - k2) 
n 1 - klkz 
J(1 + 3kz + klk2)2 - 16klk2 
2 
(10) 
(11) 
where WI, Wz, and Wa are the natural frequencies of yaw, roll, and pitch, respectively. 
The numerical results are depicted in Fig. 4, with kl as the abscissa, and k z as the 
ordinate (the stable area in Fig. 4 is called the Lagrange region). 
From Equation (10), the necessary and sufficient conditions for yaw/roll stability 
are 
1 + 3kz + klkz - 4Jklkz > 0 
klk2 > 0 
1 + 3kz + kl kz > 0 
(12) 
(13) 
(14) 
For pitch stability, condition Iz > h is necessary and sufficient. In terms of kI, and 
kz, this condition is written as 
(IS) 
Simpler visualization of the physical body can be obtained by using the ratios §; 
a.nd 'k. The relationships between these ratios and the k's are 
II 1- k z (16) 
Ia 1- klkz 
Iz 1- kl (17) -= 
Ia 1- klkz 
The resultant regions of attitude stability and natural frequencies are plotted versus t and 'k in Fig. S. It bears observing once again that energy dissipation is not 
included, and the equations of motion are linearized. 
For the Globesat satellite configuration, the yaw moment of inertia is small com-
pared with roll or pitch moments of inertia. The discrepancies between the moments 
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m 
of inertia will result in a low and a high ratio of fa, and t, respectively (Fig. 5). 
In order to satisfy three-:axis stability, the intersection point of the two ratios (fa, 
t) should be located on the right hand side of the left stability boundary. The 
left boundary is defined as the line which connects the inertia ratio of 0.5 on the 
horizontal axis to 1.0 on the vertical axis. 
Lines of constant pitch-inertia are plotted versus yaw and roll inertia in Fig. 6. 
Each of these lines corresponds to the left hand stability boundary of Fig. 6, and 
the intersection points of the lines with the ordinate axis represent the dumbbell 
satellite configuration (12 = 13)' It is felt that to clarify Fig. 6 an example is 
appropriate. Assume 11 and 13 of 10 and 400 kg . m 2 , respectively. In order to 
satisfy the 3-axis stability conditions, the moment of inertia of roll needs to be 
400 > 12 > 390. Values lower than 390 will cause 2-axis stability and values greater 
than 400 will cause the satellite to tumble until the maximum moment of inertia 
(new pitch axis) is normal to the orbital plane. 
It can be seen from the linear equations of motion for small librations of an Earth-
pointing satellite, that the equivalent restoring spring stiffness equations in yaw, 
roll, and pitch have the form 
(18) 
where 6.1 is defined as 
These equations imply that the 6.I's should be made as large as possible. For the 
Globesat satellite, typical values of 6.I's are 0, 390, and 390 kg . m 2 for yaw, roll, 
and pitch, respectively. Note that 6.1 of yaw is equal to zero since the moments of 
inertias of roll and pitch are equal. 
This configuration, in a sense, is a 'dumbbell' satellite (a dumbbell has an equal 
mass at each end), and provides two-axis stability (in roll and pitch). Since kl = 0 
condition (13) is not satisfied, the yaw axis is unstable. Dynamic attitude behavior 
of Set (7) with initial conditions of 81 23 = 0.2 rad, 01 23 = 0 rad I It = 10 kg· m 2 , , , , , sec 
and 12,3 = 400 kg· m 2 in a 500 km circular orbit is depicted in Fig. 7. This figure 
shows that, in the absence of libration damper, the satellite will oscillate about 
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the roll and pitch axes and the amplitudes are due solely to the initial conditions. 
Also, it can be seen that the yaw axis is unstable and will precess about the local 
vertical. The rate of the slow precession is a function of the initial conditions and 
for the foregoing example the precession period is about 500 min (approximately 
five orbital periods). 
In summary, equations governing infinitesimallibrations were given in Equation (7). 
Basic stability conditions have been derived (summarized in Fig's 5, and 6), and 
the Lagrange region has been confirmed as a region of stability for finite motions. 
Also, natural frequencies of smalllibrations can be calculated from Equations (10) 
and (11), as tabulated graphically in Figs. 5, and 6. Note that, the combinations 
of conditions (12), (13), (14), and (15) will provide three-axis stability. 
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Figure 7. Undamped libration of pitch, roll, and precession of yaw. 
Gravity Gradient Capture 
The capture phase of the satellite mission is critical to the mission success. It was 
shown, in the stability analysis section, that a GG stabilized satellite does not have 
a dynamically preferred "up" or "down" orientation of the yaw axis. As a result, 
stable motion can result from inverted GG capture. It is therefore important to 
attain GG capture with the proper end of the satellite facing the Earth. 
It is generally desirable to obtain GG capture in as short a time as possible. The 
magnetic torquer system described earlier may be used to facilitate rapid capture. 
Alternately, it may be possible to use the initial satellite motion, imparted as a 
result of the launch process, for the capture process. In the following paragraphs 
these methods for GG capture are discussed. 
Boom Deployment Capture: When the satellite is inserted into an orbit, it will carry 
with it some type of initial motion. The satellite may be spinning about the boom 
axisj in a slow tumble; or have very little motion with respect to the orbiting I J K 
reference frame. For certain cases one may take advantage of the initial motion and 
" 
14 
use it for the GG capture maneuver. 
In order to take advantage of the initial motion there is one requirement to be met. 
At some point, the initial motion must include an orientation in which the positive 
boom axis of the satellite is in close alignment with the outward local vertical. If 
this requirement is not met then active control will need to be asserted to bring this 
alignment about. This latter problem is addressed in the next section. 
For the situation in which the satellite yaw axis alignment requirement is met, 
there is a maneuver which will allow the satellite to GG capture without resorting 
to active torqueing. Shortly after orbit insertion, the motions of the satellite are 
determined and a model is developed to predict what the satellite orientation will 
be at future points in the orbit. By assumption, the positive satellite boom axis 
will pass through close alignment with the outward· local vertical at least once per 
complete oscillation. When the boom axis is nearly aligned with the local vertical 
the boom is deployed. The extension of the boom increases the satellite's moments 
of inertia about the pitch and roll axes. Correspondingly, the angular velocities 
about the pitch and roll axes will decrease in order to conserve angular momentum. 
This means that as the boom extends the satellite is slowed and almost stopped in 
its oscillatory motion. In essence, the satellite is almost at rest with respect to the 
inertial reference frame. 
The satellite is now in a configuration to allow GG stabilization. The moments of 
inertia are now tailored ( via boom deployment) so that the GG forces will tend to 
keep the boom axis aligned with the local vertical. For this type of capture maneuver 
it has been shown that initial boom-axis to local-vertical alignment accuracies of 
±25° are sufficient3 . 
Implicit in this method of gravity gradient capture is a means for determining the 
orientation of the satellite. The Globesat satellite will employ Earth and Sun sensors 
for this task. The sensors use charge coupled devices (CCD's) similar to those found 
in video cameras. Images of the Earth and the Sun are focused onto the CCD image 
planes. The image plane is comprised of a large number ( 200,000 or more) of light 
sensitive cells that form a regular two dimensional grid. Images on the plane can 
be assigned a (x,y) coordinate which is used to compute orientation of the satellite 
with respect to the Earth and Sun. Further computation yields orientation of the 
satellite with respect to local coordinates. The accuracy of this system is expected 
to approximately ±0.2°. 
Boom Deployment Capture Example: To illustrate this method of GG capture, as-
sume that a satellite has been placed in low Earth orbit. As a result of the orbit 
insertion, the satellite is in a slow tumble about one of the transverse axes. The 
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ground operators ascertain from the on board orientation sensors that the satel-
lite rotation rate is 5 rotations per orbit (rpo). The times at which the satellite's 
positive boom axis is aligned with the outward local vertical are also determined. 
The satellite's computer is instructed to deploy the boom/tip mass when the positive 
boom axis alignment is correct. At that time, the boom deploys to a length of 4 
m in approximately 13 sec. The transverse axis moment of inertia starts out as 
about 19 kg . m 2 , and after boom deployment is increased to almost 400 kg . m 2 . 
To conserve angular momentum, the transverse axis angular velocity will decrease 
by the same ratio the moment of inertia is increased, a factor of 21. The ending 
transverse angular velocity is 0.238 rpo. Although this is considerably less than 
the 1 rpo needed for gravity gradient stabilization, the gravity gradient torques 
are sufficient to capture and stabilize the satellite into the proper Earth viewing 
orientation. 
Active Torque Capture: If the satellite's initial attitude motion does not include 
an orientation in which the positive satellite boom axis is closely aligned with the 
outward local vertical, then active control must be asserted to force this orienta-
tion. The change in orientation can be made by energizing the magnetic torquers 
and "pushing" against the Earth's magnetic field. When the proper orientation is 
achieved, the boom can be deployed and the satellite allowed to be captured in a 
GG stabilized orientation. 
As noted previously, the satellite will employ three wire coil magnetic torquers 
located on each of the three principle axes of the satellite; yaw, roll, and pitch. 
Figure 8 shows an idealized view of the three magnetic torquers situated inside the 
satellite. The actual shape and placement of the torquers has yet to be determined. 
The magnetic torquers rely upon the interaction of a magnetic moment with a 
magnetic field to produce torques. The magnitude and direction of such a torque 
is given by 
(19) 
where f is the torque, N . m, tJ is the magnetic moment of solenoid, A . m 2 , and 
B is the Earth's magnetic field, Tesla. Application of such a torque over a time 
period results in a rotational impulse. 
When one of the magnetic torquers is energized by passing current through the 
coil, a magnetic moment is created and is directed along the coil's axis of cylin-
drical symmetry. The magnetic moment is a vector quantity, and its direction is 
determined by the direction of the current through the coils. The magnitude is a 
function of the number of turns of wire in the coil, the area enclosed by it, and the 
amount of current passing through i~. With three coils along orthogonal axes, a net 
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Figure 8. Satellite with magnetic torquers 
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magnetic moment may be produced in any direction by selectively energizing one 
or more of the coils. Pulsed operation of the coils will allow for precise control of 
the net magnetic moment. 
An adjustable magnetic moment is needed because the Earth's magnetic field is not 
uniform. Unlike the gravitational field which is directed radially from the Earth, the 
magnetic field varies in direction at different locations. To a good approximation, 
the magnetic field shape may be modeled as that due to a large dipole situated in 
the interior of the Earth 4 • For a satellite in orbit, this field will appear to continually 
change direction as a function of orbit position. In order to use the magnetic field 
for attitude control, the satellite must be capable of generating magnetic moments 
in any direction in order to accommodate the local magnetic field direction. 
In the low Earth orbit, the magnetic field is fairly we~l mapped. If the attitude of the 
satellite with respect to the field is known, it is a straight-forward task to determine 
which coil(s) to energize to produce a desired magnetic moment. The impulse which 
results from the magnetic moment/magnetic field interaction will cause a change 
in the satellite's angular momentum. The change may affect the magnitude of the 
angular momentum, the direction of the angular momentum vecfor, or both. It 
is worth noting that it is not possible to produce torques in all directions at all 
times. Because of the cross product nature of the magnetic moment/magnetic field 
interaction, it is not possible to produce torques having components in the direction 
of the magnetic field. 
Librational Motion Damping 
The librational motions will be damped with the same system used for attitude cor-
rections. The three magnetic torquers can be used to generate rotational impulses. 
When these impulses are exactly equal but opposite in direction to the angular 
momentum of the lib rating satellite the librations can be stopped. In practice, the 
impulses will be applied when the satellite's positive yaw axis is in close alignment 
with the outward local verticaL At such a point of the librational motion the angu-
lar momentum and rotational kinetic energy of the satellite will be greatest. The 
application of a rotational impulse will dissipate the rotational kinetic energy and 
transfer the angular momentum to the Earth via the magnetic field. 
Operation of the magnetic torquers is the same as for the orientation correction 
maneuvers. The timing of the impulses is somewhat different, however. As the 
satellite librates, the positive boom axis periodically passes through almost perfect 
alignment with the outward local vertical. This is not unlike a pendulum swinging 
back and forth, periodically passing through a low point in its motion. At some 
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time just before the satellite boom axis reaches alignment with the local vertical 
the magnetic torques are activated. The resulting impulse is equal in magnitude 
but opposite in direction to the angular momentum of libration. Kinetic energy 
is dissipated and the angular momentum is transferred. The impulses are sized so 
that the satellite is left with a spin rate of approximately one rotation per orbit 
about the pitch axis. 
The magnitude of the rotational impulse is controlled through the length of time 
the coils are activated and the frequency of the current pulses used for activation. 
The pulse frequencies used for librational damping are somewhat smaller than those 
used for large attitude corrections. 
Control and timing of magnetic torquer activation are taken care of by ground 
operators. As explained in the boom deployment section, the satellite will have 
on board orientation sensors which allow attitude d'etermination to approximately 
±O.2°. Using this knowledge, the ground operators command the satellite computer 
to activate the proper combination of the three magnetic torquers just prior to the 
boom axis passing through alignment with the local vertical. 
Damping Procedure Example: To illustrate the damping procedure, consider a satel-
lite in a polar low Earth orbit. Assume that as a result of the GG capture maneuver 
the satellite is librating about the pitch axis, that is, in the orbit plane. The mag-
nitude of libration is 100 from the local vertical. At the extremes of motion, ±100 , 
the rotational kinetic energy is zero and the potential energy is maximum. As the 
satellite traverses from one extreme of motion to the other extreme, the rotational 
kinetic energy goes from zero to a maximum and back to zero. For correct steady 
state motion, an angular velocity of one rotation per orbit is required to keep the 
satellite Earth oriented. 
In order to bring the satellite's pitch angular velocity to one rotation per orbit 
(TpO), the rotational kinetic energy and the angular momentum must be damped to 
the steady state values. A pitch angular velocity of one rpo equates to 1.1 x 10-6 
y'oules kinetic energy and 0.029 J'oule . sec angular momentum (Ipitch = 400 kg . 
m 2 ). Referring to Fig. 9, there are two possible times per oscillation to apply the 
rotational impulses. The first, (a), is when the satellite yaw axis is approaching the 
local vertical in the opposite direction of the orbit velocity, and the second time, 
(b), is when the yaw axis is approaching the local vertical in the same direction 
as the orbital velocity. Since the satellite will require a small amount of angular 
velocity to ;.naintain 1 rpo (in the same direction as the orbital angular velocity), 
time (b) is preferred for applying the impulse. 
For a librational amplitude of ±100 , the satellite will have an excess of rotational 
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Figure 9. Illustration of the two possible times for applying the rotational impulse 
for transient decay. 
kinetic energy and angular momentum at time (b). The excess is found by deter-
mining the energy and momentum at just the time the satellite's yaw axis passes 
through the local vertical on its way to one extreme of motion. The total energy 
and momentum turn out to be 2.9 x 10-5 joules and 0.152 joules· sec, respec-
tively. The excess energy and momentum are found to be 2.8 x 10-5 J'oules and 
0.123 foules . sec. The magnitude of the rotational impulse is equal to the excess 
angular momentum. However, the rotational impulse must be vectorially opposite 
in direction to the excess angular momentum in order to remove it. 
The rotational impulse is applied by energizing one or more of the magnetic torquers. 
In this example, the satellite is in a polar orbit and the Earth's magnetic field is 
approximately that of a large dipole situated in the interior of the planet. Assume 
the impulse will be applied when the satellite overflies the equator, where, to a good 
approximation, the magnetic field lines are parallel to the velocity vector. Figure 10 
illustrates the relationship of the satellite, the orbit velocity vector, and the earth's 
magnetic field lines. For the satellite orientation shown in this figure, the coils which 
face the local vertical will need to be energized in such a manner that the magnetic 
moment is pointing in the negative yaw axis direction. The resulting torque and 
consequent impulse are in the opposite direction of the angular momentum vector 
of the satellite. Specifically, for a 24 em diameter coil with 100 turns and 2 Ampere 
driving current, the torque produced is approximately 1 X 10-3 N . m. Acting over a 
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period of 123 sec, this torque will apply a rotational impulse of 0.123 Joules· sec in 
a direction opposite to the angular momentum. The remaining angular momentum, 
0.029 Joules· sec is the amount needed to sustain one rpo. The satellite would then 
be in the steady state phase of its mission. In theory it should be possible to remove 
all residual motion. In practice, small perturbing torques will continue to upset the 
satellite from the eqiulibrium orientation. The amplitude of the residual motion is 
estimated to be on the order of one to three degrees. 
B field 
\ -vel )city 
I 
I 
I 
I ) 
orbit path 
Figure 10. Relationship of external magnetic field, velocity vector, amd orbital path 
near the equator. 
Steadv State 
The most general criterion for optimal attitude stabilization is minimization of 
steady state errors. These errors are of two types: (1) Errors due to initial conditions 
and, (2) Errors due to external perturbations. The design objective must be to 
eliminate the first type of errors in the shortest possible time and to minimize the 
magnitude of of the second type of errors. 
The major elements of the latter type of errors are the solar radiation pressure, 
thermal bending of booms, and Earth's magnetic field, and are presented in the 
paragraphs which follow. 
Solar Radiation Pressure: Electromagnetic radiation is usually thought of as a mech-; 
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anism for energy transfer. However, we must also recall that, this :-adiation will 
produce a pressure on any material surface that intercepts it. This pressure can 
easily be explained in terms of the nature of the radiation. A beam of light photons 
has a momentum flux as well as an energy flux. If this momentum flux is arrested 
by a material surface, a corresponding pressure is exerted. 
For symmetrical vehicles, the nominal solar torque is zero, but with asymmetries 
in the spacecraft structure, the perturbing force exerted by the solar radiation 
pressure is generally difficult to determine because of complexities introduced by 
the reflective properties of the body on which it acts. Unbalanced torques due to 
solar pressure can cause large disturbance torques in high altitude orbits, and may 
even cause tumbling of GG stabilized spacecraft. 
Thermal Bending of Booms: The GG boom is actually a flat metal ribbon pre-
stressed to form an overlap boom when deployed. The boom material is beryllium 
copper, and typically for GG stabilized satellite, the boom is silver plated to in-
crease reflectivity for reducing thermal bending. The bending is the result of the 
sun heating one side of the boom and creating a temperature gradient across the 
boom diameter. The gradient causes the boom to bend due to differential thermal 
expansion, much like a bi-metallic strip. The primary effect of this bending on a 
GG configurations is the displacement of the tip mass, which rotates the principal 
axes of the system, and create a pointing error. 
Since each segment of the boom is subjected to the differential expansion, the tip 
deflection will increase with increasing boom length. If the length of the boom is 
small compared to the average radius of curvature due to thermal bending, then 
the tip mass deflection, and hence the attitude error increases linearly with boom 
length5 • 
Earth's Magnetic Field Effects: Any residual magnetic moment in the satellite will 
tend to align itself with local magnetic field. Thus, if there is a misalignment 
between the moment and the field, a torque will be produced on the satellite which 
will cause pointing errors. 
Torque Magnitude Comparison: For the 'Globesat satellite, in a 500 km circular 
orbit, Fig. 11 presents the disturbing torques versus the boom's length in the yaw 
direction. This figure shows that, the GG torque is approximately 2 orders of 
magnitude higher than torques due to the air drag, and the solar pressure. The 
separation between torque magnitudes increases as the boom's length increases. 
In the absence of GG torque, the two latter torques tend to align the minimum 
axis of inertia in the velocity direction (roll). It is important to mention that, the 
GG torque is always opposing the two aforementioned torques. In the presence of 
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GG torque, the minimum axis of inertia will stay in the neighborhood of the local I 
vertical (yaw axis). 
In Fig. 11, the torque due to the Earth's magnetic field is not plotted, since the I 
magnitude and direction of the magnetic torque caused by the Earth's magnetic field 
is a function of the magnitude and orientation of the magnetic moment, and the I 
orbit inclination and altitude. In order to reduce the magnetic effects, the design of 
the payload should be based on the use of nonmagnetic materials whenever possible. 
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Figure 11. External torques on the Globesat satellite. 
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